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Surveys II and III, respectively (2) . Nevertheless, concern remains high regarding lead exposure and health due, in part, to the continued high exposure of specific sociodemographic groups and the recent accumulation of studies indicating significant relationships between low-level lead exposure and neurologic toxicity in both children and adults. For example, low to moderate blood lead levels (i.e., above 10 but less than 25 pg/dl) have consistently been found to be associated with decrements in cognitive functioning across a wide variety of epidemiologic studies of children (1, (3) (4) (5) . With regard to adults, low to moderate levels of lead in blood have been associated with increases in blood pressure [as reviewed by Sharp et al. (6) , Hertz-Picciotto and Croft (7) , and Schwartz (8) ] as well as decreased creatinine dearance (9, 10) . These studies suggest that the prevalence of subdinical lead toxicity in both children and adults is far more prevalent than commonly recognized.
Is Blood Lead the Best Biological Marker for Predicting Toxicity?
In reviewing clinical studies on the effects of low to moderate lead exposures, it is noteworthy that the biological marker of lead dose that has been used most commonly was the level of lead in blood, largely because blood lead sampling is recognized as a relatively easy procedure. Lead in blood possesses a mean biological life of only around 30 days (11); thus, it has been generally considered to reflect primarily both ongoing steady-state exposures and relatively recent elevated exposures, rather than cumulative dose. Blood lead levels also reflect the mobilization of lead from the skeleton back into the circulation. This has been reported in the occupational setting (12) , clinical studies (13), among women with community exposure (14) , among pregnant women (15) , and among adults undergoing joint replacement (16 In the latter case, the error associated with using blood lead as a proxy for a biologically more relevant biomarker of lead dose would, under most circumstances, result in weak correlations and small effect estimates in linear regression analyses (18) .
In fact, a critical mass of indirect and direct evidence now suggests that a cumulative measure of lead dose (i.e., exposure that is integrated over many years of time), rather than blood lead level, may be the most important determinant of some forms of toxicity (19, 20) . Much of these data will be reviewed herein. As a consequence, there is a great need in public health sciences for the development of biologic markers that reflect a subject's cumulative dose (defined here as the lead dose integrated over years to decades).
K X-Ray Fluorescence
Until recently, epidemiologic research on whether cumulative lead dose is the most important determinant oflow-level lead toxicity has been hampered by the lack of a suitable noninvasive and convenient method for estimating the cumulative lead dose of an individual. Shed primary teeth have proven to be a reliable measure of cumulative lead dose, but they are only suitable for children at certain ages, severely limiting their application (21) . The calcium-EDTA mobilization test requires parenteral administration of a drug, collection of urine for hours to days, and monitoring for drug toxicity.
However, X-ray fluorescence (XRF) instruments, which make in vivo measurements of lead levels in bone, are quite promising in this regard (19, 22, 23) . It has been well established from autopsy studies that the skeleton contains the majority (70->95%) of the body's lead burden (24, 25) . The bulk of that lead is contained within long-lived compartments of cortical (elimination t112>5-10 years) and trabecular (elimination t112 >1 year) bone, with comparatively small amounts of lead in tissue compartments that rapidly exchange with extracellular fluid and plasma (12, 13, (26) (27) (28) (32) (33) (34) . Radiation doses are minimal, with effective doses a small fraction of those associated with standard radiographs (35) .
Thus, KXRF-measured bone lead has the potential to serve as a new indicator of dose that may be of greater relevance to many toxicity outcomes than blood lead level. This potential has been substantiated in four recent cross-sectional studies. In one of these studies, bone lead, but not blood lead, was significantly related to dedines in hematocrit and hemoglobin among moderately lead-exposed construction workers (36) . Among middle-aged to elderly men, bone lead, but not blood lead, was significandy related to increased odds of dinically relevant hypertension (37) . Bone lead, but not blood lead, was significantly related to decreased birth weight among mothers in Mexico City (38) . And finally, among teenagers in Pittsburgh, bone lead was associated with increased risk for antisocial and delinquent behavior (blood lead was not measured in this study) (39) .
Other toxicity outcomes that may bear greater association with bone lead levels (as a time-integrated measure of exposure) include cognitive performance and growth in children and cognitive performance, kidney function, gout, blood pressure, reproductive toxicity, and adverse cardiovascular events in adults. A number of epidemiologic studies are now in progress using KXRF to measure bone lead to evaluate some of these associations, and more are being proposed, planned, and contemplated.
Conceptual Paradigms
Given the potential utility of XRF in epidemiologic studies, it is vital to develop a conceptual paradigm of the relationships between bone lead levels and toxicity outcomes. Such a paradigm would benefit from the use of bone lead measurements in epidemiologic studies by identifying toxicity outcomes that may be predicted by bone lead level (as a surrogate of cumulative exposure), as well as the selection of bone sites for KXRF measurement and the design of epidemiologic studies involving bone lead.
We propose that lead in the skeleton may serve two general roles as a marker of chronic lead toxicity in adults. One paradigm is that lead stored in bone presents no toxic risk to the individual, but rather, by being a repository for lead, serves as a proxy for the cumulative (i.e., over years to decades) lead dose to organs, such as the renal and central nervous systems, that are primary targets of lead toxicity (bone lead as repository) (Fig. 1) . Conceptually, the bone lead as repository paradigm provides that bone lead levels would serve as a more relevant dosimeter of lead exposure and effect in cases of past (though not current) chronic lead exposures. In such cases, toxic effects may be expected to be greater than would be predicted by current blood lead levels.
A second paradigm is that the skeleton is an important endogenous source of lead to Volume 106, Number 1, January 1998 * Environmental Health Perspectivesother target organs via mobilization from bone into the circulation (bone lead as source) (Fig. 1) . The release of lead from the skeleton could be a consequence of normal lead flux (exchange) from bone matrix, though it could be accelerated during periods of increased bone turnover and bone mineral loss. This may result in relatively prolonged elevated exposures and possibly also serve as a source of more acute exposure in cases where bone lead levels are elevated.
With either paradigm, the relationship between exposure and toxicity could involve several different aspects of dose-time response, such as direct linear, threshold, or threshold plus a period of latency. Finally, it should also be considered that the skeleton itself may be an important target organ to circulating and skeletal-bound lead.
While it is likely that both of the paradigms presented above are operant, distinguishing their relative importance provides significant implications for public health. If the bone lead as repository paradigm dominates, measurement of bone lead would provide an estimation of cumulative lead dose, but bone lead itself would be of little toxicological importance. In contrast, if the bone lead as source paradigm dominates, important increases in lead exposure from endogenous (i.e., skeletal) sources could occur so that chronic lead toxicity might be increased by factors that increase bone turnover, such as rapid growth [e.g., childhood (27, 40) , pregnancy and lactation (15, (41) (42) (43) (44) , senile osteoporosis (45, 46) , altered endocrine states such as hyperthyroidism (47) , and other pathological states (48) ]. Alternatively, chronic lead toxicity might be decreased by factors that decreased bone turnover, such as exercise and dietary calcium (49, 50) . It (53) (54) (55) . However, these and other morphologic changes, including changes with a chronic appearance, have yet to be described in subjects that have sustained relatively moderate lead exposures (i.e., blood lead levels of 25-40 ig/dl).
The second paradigm is based on the belief that the skeleton is an endogenous source of lead to the circulation. As indicated previously, clinical and experimental studies have provided evidence of significant bone lead release during both normal homeostasis (13, 41, 56) and following the cessation of chronic occupational exposures (12, 57) , as well as during periods of accelerated bone turnover and mineral loss, such as osteoporosis, pregnancy, and lactation (41) (42) (43) (44) (45) and thyroid and parathyroid hormone imbalances (46, 47) . More recently, a study using endogenous stable lead isotopes as a tracer of skeletal lead release in environmentally exposed subjects (1-6 pg/dl blood level) indicated that the skeleton contributed from 40-70% of the lead in blood (16) . This suggests that blood lead levels not only reflect recent exogenous exposures, but that under steady-state conditions they also reflect the release of older accumulated lead from the skeleton.
Several of the above studies are also consistent with a study of autopsy specimens by Wittmers et al. (58) . In that study, the authors reported that bone lead levels increased linearly with age, but declined after age 40-55 in bone sites that contained a greater amount of trabecular bone, like the vertebra, ilium, and rib. This decline was greatest in women, but a decline was also seen in men. Because hormone depletioninduced increases in bone resorption begin to occur in this age group and preferentially affect trabecular bone (59), these data suggest that bone loss in the aged may lead to notable declines in trabecular bone lead content since current environmental exposures are substantially reduced over those just [1] [2] decades ago (2). The cross-sectional nature of this study limits further interpretation, however, because differences in bone lead could represent an exposure-cohort effect rather than a biological effect. In other words, the older subjects may have had higher bone lead levels than the younger subjects because the lead exposures the older subjects had endured when they were young were higher than the lead exposures currently being endured by the young subjects (exposure differences between age cohorts). This is in contrast to assuming that older and younger subjects had similar lead exposure experiences and hypothesizing that the higher bone lead levels observed among older subjects were due to longer periods of biological accumulation (biological effect).
Complementary observations were reported by Silbergeld et al. (45) and Symanski and Hertz-Picciotto (46) who found that postmenopausal women had significantly higher blood lead levels than premenopausal women, even after controlling for age, race, income, alcohol consumption, and other variables. Based collectively on the above studies, there is compelling evidence that the skeleton may be a significant endogenous source of lead to the circulation across a wide spectrum of age and lead exposure cohorts. However, other than a few case reports of bone lead mobilization during pathologic -states involving greatly increased bone turnover such as hyperthyroidism (47), tumorous infiltration of bone (60), and chemotherapy (61) (62) (63) , few human studies to date have provided evidence that demonstrates an association between bone lead mobilization and toxicity, while no comparable evidence has been published with regard to animal studies.
Inferences on paradigms from KXRF studies. In humans, additional evidence that may shed light on the relative importance of bone lead as repository versus bone lead as source is being generated from research using KXRF. This evidence stems from the ability of KXRF to take separate measurements of lead in cortical and trabecular bone and provide information on the distinct differences between these two types of bones in terms of lead kinetics.
Several studies, including those using radio-tracer (64) and standard metabolic methods (16, 26, 27, 64) , have substantiated the greater importance of trabecular bone over cortical bone as the predominant skeletal source of lead to the circulation under steady-state conditions. This importance is based largely on the elevated blood perfusion and turnover rates of trabecular bone. For Leggett (27) ], then the rate of lead release from trabecular bone can be calculated to be 1.8 mg/year, which is almost threefold higher than the value of 0.68 mg/year calculated for cortical bone.
The relative importance of trabecular bone to circulating lead is also based on investigations using KXRF. In studies of retired lead workers, it was shown that blood lead levels following cessation of exposure correlate with trabecular bone lead levels and not with cortical lead levels (12, 57) . Chelatable lead was found to correlate with lead in biopsies of the vertebrae (a mosdy trabecular bone), but not KXRF-measured lead in finger bone (which is mostly cortical bone) (65). Fleming et al. (66) on the other hand, found that the relationship of KX.RFmeasured bone lead to blood among lead smelter workers who had not worked for 10 months, as well as retired lead smelter workers, was stronger for the tibia (cortical bone) than the calcaneus (trabecular bone). One potential explanation is that although bone mineral density of the calcaneus has been reported to be a good indicator of overall trabecular bone density (62'), the error for calcaneal measurements is generally larger than that of tibia measurements, which may have resulted in a more attentuated bone lead-blood lead relationship.
Several recent epidemiologic investigations using KXRF have targeted measurements at the mid-tibia and patella bones, taking advantage of the fact that these two bone sites are almost purely cortical and trabecular, respectively, in nature (the patella measurement may also be influenced by lead concentrations in the distal and proximal ends of the femur and tibia, respectively; both of these bone segments are also predominantly trabecular in nature) (224. In a cross-sectional investigation of middle-aged to elderly men, it was found that patella lead was superior to tibia lead in its correlation with blood lead level, even after adjusting for age, race, education, smoking, and alcohol consumption (68) . Among these mostly retired men, patella lead accounted for 70% of the total variance of blood lead that the final model could explain. In a cross-sectional study of postpartum women in Mexico City, patella lead was superior to tibia lead in its correlation with blood lead levels, even after adjusting for current use of lead-glazed ceramics (one of the main sources of environmental lead exposure in Mexico), consumption of foods high in calcium, years living in Mexico City, education, age, smoking, and parity (69) .
Thus, existing data suggest that trabecular bone is the predominant bone type providing lead back to the circulation under steady-state and pathologic conditions and that cortical bone lead levels are a better dosimeter of long-term cumulative lead exposure because of the long biologic mean life of lead in that tissue (>10 years) compared to trabecular bone (1-5 yrs) (26,22' ). Significant mobilization of lead from trabecular bone would result in an improved correlation between blood and trabecular bone lead levels in the absence of elevated current exposures, which would be evident in epidemiologic studies investigating these parameters. Of equal importance is investigation of the bone lead as repository paradigm, whereby cortical bone lead levels are determined to evaluate cumulative exposures and their relationship with the presence of past or current (i.e., permanent) toxicity.
Although there are only a handful of studies of bone lead as a predictor of toxicity that employed separate measurements of cortical and trabecular bone, the few that exist provide a range of intriguing and at times apparently conflicting results. For example, in a study of construction workers who had moderate occupational exposures to lead, patella (trabecular) bone lead but not tibia (cortical) bone lead, was associated with declines in hematocrit and hemoglobin (36) . Similarly, in a case-control study of middle-aged to elderly women, patella bone lead, but not tibia bone lead, was associated with an increased risk of hypertension (70) . In contrast, however, an investigation of middle-aged to elderly men found that bone lead in the tibia and not the patella was associated with an increased risk of hypertension (32'). A similar relationship was observed in a study of birth outcomes among women in Mexico City, where lead in the tibia and not the patella was associated with lower birth weight (38) .
These results suggest that the mechanisms underlying the bone lead as repository and bone lead as source paradigms vary in their relative importance, depending on the measure of toxicity, magnitude and duration of lead exposure, and characteristics (e.g., age, sex) of the subjects. It is also important to recognize, however, that these contrasting results may be due to artifacts of experimental technique. For example, the KXRF measurement uncertainty associated with patella (trabecular) bone measurements is usually greater than that of tibia (cortical) bone, due to a lower relative mineral density. Thus, it should be considered that tibia bone lead may be more predictive of toxicity because of the greater precision of those measurements, rather than the biological importance ofcortical bone.
Potential benits ofplasma lead measurements. The degree to which whole blood lead reflects the labile, toxic fraction of lead in the circulation is not well known, although it has been suggested that lead in plasma provides a more kinetically responsive and toxicologically relevant marker of lead than does whole blood lead (28, 71, 72 (85) . Serum lead measurements were found to correlate more strongly with both in vivo bone lead measurements (tibia and calcaneus) than did whole blood lead. The ratio of serum lead to whole blood lead varied from 0.8 to 2.5% and showed the strongest correlation with lead in the calcaneus (trabecular bone).
This study further substantiates the proposed benefit of plasma (or serum) lead measurements for evaluating exchange and release of lead from the skeleton. It also is consistent with other studies, which suggest that plasma lead levels reflect the biologically labile component of circulatory lead better than does whole blood. The quantitative importance of this kinetic paradigm can be illustrated if one takes the example of a typical blood sample in which the plasma lead concentration is 0.1 sg/dl, the red blood cell concentration is 10 jg/dl, the hematocrit is 40%, and the consequent whole blood lead concentration is 4.06 pg/dl (Fig. 2) . A threefold rise in plasma lead concentration to 0.3 pg/dl would greatly increase the lead available to cross cell membranes; however, the increase in whole blood lead concentration (to 4.18 pg/dl) concentration would be negligible.
Despite the apparent benefit of measuring plasma (or serum) lead levels in the evaluation of endogenous lead movement and exchange, few studies have demonstrated the capability for routinely making those measurements. The primary reasons for this are the difficulties associated with avoiding lead contamination during the collection, processing, and analyses of clinical samples that may contain <0.05 1ig Pb/dl and the difficulties associated with performing analyses with the accuracy and precision necessary to suitably evaluate interindividual or interpopulation differences in lead levels (71, 72, 75, 86) . In addition to the paramount concern for sample lead contamination from external sources, there is also concern for lead contamination of plasma (or serum) from hemolysis during blood collection and separation, as recently demonstrated (78) . Because lead in blood is partitioned predominantly (>98%) with erythrocytes, the hemolysis that often occurs during blood collection and separation may contribute relatively substantial amounts of lead to the separated plasma (or serum) fraction, even in cases where noticeable hemolysis (i.e., reddening of plasma) does not occur. This concern has not yet been systematically evaluated although, together with external lead contamination, it may be an important contributor to the amount and variability of lead in plasma reported in many studies. An additional technical concern involves standardizing the protocol in terms of time of day and fasting because the plasma is a small and rapidly exchangeable lead compartment. Even small discrete exposures, such as a meal, may appear as temporal spikes in the plasma and urine; thus, standardizing the timing of sample collection is of importance to measuring basal plasma lead levels.
Strategies for distinguishing between paradigms. To identify the relative importance of the two paradigms by which bone lead may serve as a biological marker of exposure and toxicity, several strategies may be useful. First, animal studies may be undertaken that can shed insight both into the biokinetics of lead concentrations in bone, plasma, blood, and target organs, as well as the relative impact of lead dose biomarkers in predicting forms of toxicity. Radioisotope tracer methods comparing stable isotope ratios of lead in plasma, bone, and blood may also prove useful. Toxicity studies would only be useful in so far as animal models have been developed for such outcomes, which could be said, for example, of hypertension (87) and neurobehavioral effects (88, 89 (Fig. 3C) . Within this conceptual framework, measurement of bone mineral density could provide some benefit because mineral density reflects the net balance of both bone formation and resorption. The dynamic relationship between bone formation and resorption must be considered when interpreting measured changes in bone density since apparent reductions in mineral density can arise from both a reduction in formation with ongoing resorption, ongoing formation with increased resorption, or a combination of the two-all of which could result in different apparent versus actual amounts of bone lead release.
Assuming that the mobilization of bone lead into the circulation is the parameter of most interest to be measured, a specific marker of bone resorption should be mea 
